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INTRODIICTIOM 


During  vehicle  crashes  in  which  rollover  occurs  the  motion  of 
the  vehicle  can  be  quite  complex  and  violent  resulting  in 
extensive  motion  and  multiple  impacts  with  vehicle  interior 
by  the  occupant.  If  the  occupant  is  unrestrained,  the  in¬ 
terior  motion  can  be  considerable  and  ejection  from  the 
vehicle  is  common  [Ref.  1].  Very  often  rollover  occurs  after 
a  serious  frontal  or  side  impact  which  may  cause  initial 
injury  to  an  occupant.  An  occupant  already  injured  may  be 
very  susceptible  to  additional  injuries  during  the  subsequent 
rollover  phase  of  the  crash.  It  has  been  observed  that  there 
is  a  high  probability  of  head/neck  complex  impact  during 
rollover  and  that  partial  ejection  of  the  head  occurs  with 
approximately  equal  frequency  whether  the  occupant  is  belt 
restrained  or  unrestrained  [Ref  IK  Accident  investigations 
have  established  that  partial  ejection,  especially  of  the 
head,  is  associated  with  a  high  risk  for  serious  or  fatal 
in j  ury . 

The  beat  ways  to  protect  an  occupant  during  a  rollover  crash 
need  to  be  investigated.  One  viable  means  for  pursuing  such 
an  investigation  is  through  computer  predictions  of  an  occu¬ 
pant’s  motion  during  a  rollover  cra^.h.  Such  predictions  can 
establish  how  best,  for  example,  to  modify  belt  restraints  or 
vehicle  structure  so  that  there  is  less  probability  of  par- 
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tial  or  full  body  ejection  or  how  best  to  use  padding  to 
iuitigate  injuries.  Many  other  aspects  of  body  and  vehicle 
interaction  can  also  be  investigated. 

The  alternative  to  computer  predictions  is  extensive  full- 
scale  rollover  crash  testing  of  vehicles  with  dummy  occu¬ 
pants.  Both  the  analytical  simulation  and  testing  approaches 
have  their  individual  shortfalls,  but.  performed  in  conjunc¬ 
tion  with  one  another,  these  shortfalls  are  offset.  The 
analytical  simulation  approach  allows  extensive  parametric 
investigations  with  perfect  repeatability,  while  the  experi¬ 
mental  testing  provides  for  baseline  responses  that  can  be 
used  for  validation  of  or  interpolation  by  modeling.  Such 
tests  are  generally  expensive,  require  long  set-up  times  and 
are  not  suitable  for  situations  involving  a  large  number  of 
variabl  s  conditions.  The  modeling  allows  certain  specific 
questions  to  be  readily  answered;  such  as,  how  best  to  mini¬ 
mize  the  probability  of  partial  head  ejection,  how  best  to 
use  padding  to  decrease  the  potential  for  injury  or  to 
evaluate  the  effect  of  roof  crush.  One  of  the  problems 
during  testing  is  that  the  motion  of  a  vehicle  during  a 
rollover  crash  cannot  be  accurately  controlled-  Without 
accurate  control  of  vehicle  motions  the  effect  of  variation 
in  vehicle  motion,  restraint  system  design  or  other  protec¬ 
tive  measures  cannot  be  assessed.  In  contrast,  the  motion  of 
a  vehicle  can  be  exactly  specified  during  computer  predic¬ 
tions  of  an  occupant’s  motion  allowing  parameter  studies  to 
be  easily  conducted  and  the  cost  of  each  prediction  is  a  very 
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small  fraction  of  the  coat  of  full-scale  crash  testing.  It 


ia  essential,  of  course,  to  have  confidence  in  the  accuracy 
of  the  computer  prediction  of  an  occupant’s  motion,  therefore 
parallel  experimentation,  or  at  least  reasonable  quantitative 
empirical  data  are  necessary. 

BACKGROUND 

The  need  to  predict  an  occupant’s  motion  during  crashes  in 
general  has  long  been  recognized.  The  National  Highway 
Traffic  Safety  i‘dmi  n  i  s  trat  ion  (NHTSA)  recognized  such  a  need 
and  initiated  and  supported  the  development  of  the  Calspan 
Crash  Victim  Simulator  (CVS)  [Ref.  23.  The  Armstrong  Aero¬ 
space  Medical  Research  Laboratory  (AAMRL)  at  Wr i ght-Patterson 
Air  Force  Base  has  used  the  CVS  to  predict  the  hximan  body's 
dynamic  response  to  mechanical  forces.  Furthermore,  AAMRL 
has  modified  the  CVS  in  order  that  it  can  better  address 
specific  Air  Force  concerns  [Ref.  3-4].  The  modified  version 
of  the  CVS  is  identified  as  the  Articulated  Total  Body  (ATB) 
model.  The  ATB,  having  been  derived  from  the  CVS,  is  fully 
capable  of  predicting  the  motion  of  an  occupant  during  a 
rollover  crash.  However,  to  be  effectively  used  for  such 
studies  the  ATB  model  must  be  validated  against  baseline 
crash  test  data. 

In  order  to  obtain  such  data  a  well  controlled,  fully  instru¬ 
mented  crash  tes^  was  conducted  at  the  Southwest  Research 
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Institute  (SWRI) .  In  this  test  a  passenger  car  th  a  belt 
restrained  dummy  was  impacted  into  the  end  of  a  turned  down 
guardrail  at  60  mph .  The  ramping  effect  of  the  turned  down 
guardrail  induced  vehicle  rotation  resulting  in  four  full 
rollovers.  Two  high  speed  motion  picture  cameras,  mounted 
inside  the  vehicle,  recorded  the  dummy’s  motion  CRef.  53.  It 
woS  these  data  that  were  used  in  conjunction  with  the  ATB 
model  to  establish  the  method  of  dynamically  predicting  the 
motion  of  an  occupant  during  a  complex  rollover  crash.  The 
analytically  predicted  motion  of  the  dummy  agreed  quite  well 
with  the  dummy’s  motion  as  recorded  on  the  test  film. 

Measurements  of  the  vehicle’s  motion  during  the  SWRI  test 
were  made  from  high  speed  motion  pictures  and  used  as  input 
to  the  ATB  model,  as  described  in  Reference  5,  The  vehicle 
interior  and  restraint  system  were  defined  to  match  the  test, 
and  an  estimate  of  the  interactions  to  occur  was  made. 

Several  simulations  were  made  to  add  interactions  that  were 
not  originally  considered.  The  final  simulation  predicted 
the  motion  of  the  dummy  recorded  by  high  speed  motion  picture 
cameras  during  the  4.5  seconds  of  the  entire  crash. 

In  o”der  to  refine  and  further  validate  this  methodology, 
:'esults  from  six  controlled  rollover  tests,  conducted  by 
'fransportation  Research  Center  of  Ohio  [Ref.  6-113,  were  com¬ 
pared  to  results  from  simulations  of  the  same  events.  These 
tests  were  conducted  using  a  rollover  teat  device  to  initiate 

rollover  and  with  a  dummy  placed  in  either  the  driver’s  or 
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front,  passenger’s  seat.  After  each  of  the  tests  were  con¬ 
ducted,  the  vehicle  motion  was  reconstructed  from  films  of 
the  test  for  input  into  the  ATB  model.  Other  data  from-  the 
test  were  also  analyzed  for  use  by  the  model  and  then  simula¬ 
tions  were  made  of  the  occupant  motion.  The  results  of  the 
simulations  were  then  compared  with  data  collected  during  the 
testing . 

DESCRIPTIOM  OF  ROLLOVER  TESTS 

The  six  rollover  crash  tests  were  conducted  using  a  rollover 
test  device  (RTD)  developed  by  the  MGA  Research  Corporation 
for  KHTSA  [Ref.  12].  The  car  was  mounted  on  the  ETD  as  shown 
in  Figure  1,  with  an  initial  roll  angle.  The  RTD  wheels 
could  be  rotated,  allowing  the  RTD  and  the  test  vehicle  to  be 
crabbed  at  an  initial  y%w  angle  (Figure  2) .  Two  pneumatic 
cylinders  were  used  to  apply  a  rotational  velocity  to  the 
platform  on  which  the  car  was  mounted.  The  test  procedure 
was  to  tow  the  RTD  by  cable  along  the  guiderail  to  obtain  an 
initial  linear  velocity.  Upon  reaching  this  velocity  the  car 
was  released  from  the  platform,  the  cylinders  were  actuated 
producing  angular  rotation  of  the  platform  and  the  RTD  was 
decelerated.  The  general  test  layout  for  the  six  tests  is 
shown  in  Figure  2.  Break-away  reference  poles  were  placed 
throughout  the  test  area  for  use  in  reconstructing  the  ve¬ 
hicle  motion  and  500  f rame -per-second  cameras  filmed  the  test 
events  from  several  angles.  After  release,  each  of  the  cars 
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CYLINDER  MOTION 


Figure  1  -  Test  Vehicle  Mounted  on  tne 
Rollover  Test  Device  CRTD) 
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Figure  2  -  Test  Layout 


landed  on  their  left  aide  and  rolled  onto  the  roof.  Some 
slid  to  a  stop  in  this  position  while  others  continued  to 
roll.  Accelerometers  and  angular  rate  gyros  were  mounted -on 
the  cars  to  provide  additional  information  about  the  ve¬ 
hicle  ’ 3  motion . 

Hybrid  III  and  Part  572  dummies  were  used  in  the  tests. 

These  dummies  have  been  developed  for  frontal  impact  testing 
and  have  not  been  assessed  as  being  specifically  suitable  lor 
rollover  testing.  However,  these  dummies  were  selected  since 
they  represent  the  state-of-the-art,  possess  adequate  instru¬ 
mentation  capability,  have  established  use  experience  in 
automotive  testing  and  since  no  current  dummy  exists  that  is 
speci  f  ica.i  iy  designed  for  rollover  testing. 

In  the  test  set-up,  the  dummy  was  positioned  in  the  front 
seat  of  each  car  and,  during  the  first  two  tests  was  re¬ 
strained  by  a  three-point  harness.  The  dummies  were  instru¬ 
mented  with  head  and  chest  accelerometers  and  the  Hybrid  III 
dummies,  additionally  with  neck  and  femur  load  cells.  Two 
high-speed  cameras  .'>ere  mounted  within  the  vehicles  to  film 
the  dummy's  motion  during  the  test. 

The  six  tests  and  their  conditions  are  listed  in  Table  1. 

Film  data  from  each  of  the  six  tests  were  analyzed  to  deter¬ 
mine  the  vehicle’s  motion  and  then  the  occupant’s  motion  was 
simulated  using  the  ATB  model.  Since  this  was  the  first 

rollover  test  study  utilizing  the  RTD ,  the  first  test,  with 
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the  1975  Ford  Pinto,  was  used  to  identify  procedural  prob¬ 
lems.  The  motion  of  the  Pinto  in  the  first  test  could  not  be 
accurately  reconstructed  or  verified  because  not  enough'  land¬ 
marks  had  been  placed  in  the  test  area.  This  was  corrected 
in  subsequent  tests,  but  the  results  of  this  first  test  could 
not  be  used  for  computer  predictions  of  the  dummy  occupant’s 
motion.  With  this  correction  and  some  procedural  changes, 
data  from  the  remaining  five  tests  were  successfully  used  for 
occupant  simulation.  Extensive  data  were  collected  during 
each  test  and  the  simulation  results  were  equally  voluminous. 
Since  all  five  tests  and  their  simulations  were  identically 
conducted,  only  one  test  and  corresponding  simulation  is  dis¬ 
cussed  in  detail  and  the  results  from  the  other  four  tests 
are  presented  in  the  Appendix.  The  fourth  test,  using  a  1982 
Chevrolet  Celebrity,  was  chosen  for  the  discussion  [Ref.  9]. 
This  test  presented  the  great«>3t  challenge  'or  simulation 
because  it  had  an  unrestrained  occupant,  the  vehicle  rolled 
more  than  in  most  of  the  other  tests,  and  it  had  the  longest 
duration.  This  test's  occupant  motion  simulation  also 
yielded  the  best  results. 


VEHICLE  MOTION  RECONSTRUCTION 


To  simulate  occupant  motion,  a  prescription  of  the  vehicle’s 
linear  and  angular  motion  is  required.  Because  of  difficul¬ 
ties  inherent  in  reconstructing  six  degree-of - freedom  motion 

from  accelerometer  and  angular  rate  gyro  data,  as  described 
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in  Rafer«nc«  5.  the  films  of  the  vehicle  motion  were  chosen 


as  the  best  source  for  obtaining  the  complete  vehicle  motion. 
The  technique  for  obtaining  the  vehicle  displacements  'from 
the  vehicle  motion  films  w&s  developed  in  the  guard  rail 
rollover  study  [Bef.  5].  It  was  refined  in  this  effort  by 
reducing  the  number  of  vehicle  landmarks  to  be  digitized  from 
six  to  one  and  by  collecting  the  angular  orientations 
directly,  rather  than  calculating  them  from  the  digitized 
points.  These  refinements  made  the  process  easier  and 
increased  its  accuracy. 

The  first  step  in  the  reconstruction  process,  was  to  analyze 
selected  film  frames  from  two  different  camera  views.  In 
each  view, -  the  vehicle  width  was  measured  and  one  point  on 
the  vehicle  and  one  point  on  a  reference  pole  near  the 
vehicle  were  digitized.  Parallax  error  was  corrected  by 
using  the  measured  vehicle  width  to  scale  the  linear  posi¬ 
tions  obtained  from  the  digitization.  These  linear  positions 
were  then  used  to  draw  a  computer  image  of  the  vehicle  on  a 
color  graphics  screen  as  viewed  by  one  of  the  test  cameras. 
The  film  image  from  that  camera  was  then  projected  directly 
onto  the  graphics  screen  and  the  computer  image  rotated  until 
it  aligned  with  the  film  image.  The  vehicle  orientations 
were  saved  for  each  film  frame.  The  vehicle  width  data  were 
then  modified  to  account  for  the  vehicle  orientation  when  the 
width  was  measured,  and  the  linear  position  data  was  rescaled 
using  the  new  vehicle  widths.  The  last  step  in  this  process 

was  to  condition  both  the  linear  and  angular  position  data  to 
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eliminate  data  collection  and  rotind  off  errora  by  smoothing 
the  data  with  a  user-control led-parameter  cubic  spline 
smoothing  routine. 

Figure  3  shows  the  film  images  of  the  Celebrity  at  000  msec 
intervals  and  the  corresponding  computer-generated  images  of 
the  reconstructed  vehicle  motion.  Time  zero  for  the  tests 
was  defined  by  the  front  wheel  of  the  RTD  tripping  a  switch. 
This  occured  before  the  vehicle  was  released  or  the  cylinders 
actuated.  The  Celebrity  was  released  from  the  rollover 
device  after  000  msec  and  impacted  the  ground  on  its  left, 
front  side  around  1500  msec.  It  then  rolled  onto  its  roof, 
slid  for  some  time  and  finally  rolled  onto  its  wheels.  There 
is  no  visible  difference  between  the  film  and  reconstructed 
motion. 

Accelerometer  and  angular  rate  gyro  data  for  the  vehicle  were 
collected  and  are  compared  to  the  calculated  values  obtained 
from  the  film  analysis.  The  accelerometer  data  were  not 
expected  to  match  well  due  to  the  fact  that  acceleration  is 
the  second  derivative  of  displacement,  which  was  the  measured 
quantity  used  to  reconstruct  the  vehicle  motion.  Therefore, 
any  small  differences  from  the  reconstruction  process  are 
magnified  twice  when  comparing  accelerations.  The  rate  gyro 
data  is  considerably  smoother  than  the  aooelarometer  data  and 
compares  much  bettor  to  the  calculated  rotation  rates  from 

the  reconstructed  motion.  Figure  4  contains  plots  of  these 
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Figure  3  -  Test  No.  4,  Celebrity 
Test  Film  and  Reconstructed  Vehicle  Motion 
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rigur*  4  -  T*»t  Mo.  4.  Calobrlty 
mxial  Accalci'OMtor  *nd  Angular  Rat*  Oyro  Data 
From  T*at  and  S*construct*d  Motion 
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comparisons  from  the  Celebrity  test,  with  the  linear  acceler¬ 
ations  on  the  left  end  the  angular  velocities  on  the  right. 

As  expected,  the  accel«trations  do  not  always  agree,  but  the 
magnitudes  and  trends  ^re  generally  similar.  The  large 
acceleration  spikes  in  the  experimental  data  were  filtered 
from  the  reconstructed  motion  by  the  process  of  collecting 
displacements,  and  the  offset  difference  in  the  7  and  Z 
accelerations  is  due  to  the  initial  calibration  zeroing  of 
the  accelerometers  in  the  test.  Accelerometer  measurements, 
as  well  as  the  ATB  model  calculations.  Include  gravitational 
effects.  However,  in  setting  up  the  vehicle  tests,  the 
accelerometers  were  reset  to  zero  after  the  vehicle  was  put 
in  its  initial  roll  position,  resulting  in  an  offset  of  a 
resultant  in  the  7  and  Z  directions.  Since  the  ATB  stodel 
correctly  calculates  the  acceleration  values,  this  offset  is 
reflected  in  the  plots.  The  X  axis  rate  gyro  failed  in  this 
test,  as  shown  in  the  plot,  but  the  anguTar  velocities  in  the 
other  two  directions  compare  very  favorably. 
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OCCUPAMT  SIimLATIOllS 


SET-UP 

B»8id«s  th«  .tbr*e-diMn8ion«l  motion  of  tha  vahicla,  8«ttln$ 
up  an  occupant  dynamics  simulation  rsquirss  a  dasoription  of 
tba  dtiinmy's  cbaractaristics ,  tba  layout  of  tba  vabiola  in- 
tarior,  tba  fopca-daf laetion  cbaractaristics  for  aach  pos- 
sibla  contact  of  dtimmy  sagmants  and  vabiola  surfacas  and  tba 
saat  bait  dascription.  A  numbar  of  simulations  of  aacb  tast 
wars  nacassary  to  complataly  dafina  tbasa  cbaractaristics. 
Aftar  all  tba  spaci f ications  «»ara  finalizad  for  a  particular 
tast,  tba  final  simulation  was  mads. 

Dummy  DasiiSn 

Tba  first  tbraa  crash  tasts  wara  parformad  using  an  Aldarson 
Fart  572  dummy,  udilla  tba  ramainlng  tbraa  tasts  utilizad  a 
Hybrid  III  dummy.  Tba  data  sat  dascrlbing  tba  sagmant  pro- 
partlas  and  Joint  cbaractaristics  of  tba  Part  572  dummy  was 
obtainad  from  tha  Validation  of  tba  Crash  Victim  Simulator 
Report ,  Voluma  2  [Raf.  2].  Rowavar,  tba  unavailability  of  a 
corraspondlng  data  sat  for  tha  Hybrid  III  dumsiy  dictatad  that 
tha  Part  572  data  ba  used  in  all  six  simulations. 

Tba  ATB  dumsty  modal  ounsists  of  15  sagawnts  connactad  by  14 
Joints.  Tha  sagmant  gaomatrlc  and  inartlal  propartias,  and 
Joint  character istics  of  tha  modal  are  tba  sama  as  thosa  of  a 

Part  572  duam^ .  Tha  sagmants  are  gaomatrleal ly  ovarlappad 
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*nd  aonn«ct«d  to  •«ch  oth«F  at  pivot  point*,  or  Joint*,  that 
ramain  iixad  ralativa  to  thair  asaociatad  sagmant*  and  axhi- 
bit  ranga*  of  taotion  and  raaiativa  charactaristica  appropri- 
ata  f  or  the  articulations  thay  rsprasant.  Conaaquantly ,  tba 
knaas  ara  modalad  as  pin  joints;  tha  torso  and  nack ,  which 
can  band  in  any  diraction,  ara  modalad  as  universal  joints; 
and  tha  hips,  shouldars ,  albows .  and  anklaa  ara  modeled  as 
Eular  joints,  in  «4iich  soma  axas  ara  fraa  to  rotate  and 
others  are  locked. 

Vahid*  Interior 

For  each  of  tha  six  tests,  a  specific  vehicle  interior  was 
defined.  For  the  Calabrity  simulation,  as  for  all  tha 
others,  tha  interior  was  swasurad  and  the  data  used  to  define 
tha  contact  planes  raprasanting  each  possible  interacting 
surface.  The  steering  wheal  gaosatry  was  modeled  by  an 
ellipsoid  with  the  appropriate  size  and  shape.  This  saoa 
process  was  used  for  all  of  the  simulations. 

The  potential  interactions  batwaan  body  sagmanta  and  vehicle 
surfaces  war*  idantlflad  from  tha  films  of  tha  occupant 
motion,  and  for  each  interaction  a  f orc*-d*f lection  function 
was  daflnsd.  These  functions  dafln*  the  normal  and  tangen¬ 
tial  contact  forces  applied  to  the  segment  as  a  function  of 
tha  asMunt  of  mutual  daflaction  or,  gaomatPical ly ,  ths  intsr- 
saction  of  the  segment  and  plan*.  The  particular  functions 

usad  ware  those  which  gave  good  results  in  the  SWBI  rollover 
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atudy  CB«f.  5]  ftnd  In  a  stxidy  of  child  notion  during  panic 
braking  CBaf.  13}.  Th«  contact  plana*  and  tba  forca-daf lac- 
tion  charactariatics  wara  kapt  conatant  and  not  adjuat'ad'to 
provida  a  battar  fit  to  tha  obsarvad  data. 

7ha  3-point  harnaaa  raatraining  tba  dumny  in  tha  firat  two 
taata  ««a  aodalad  uaing  tha  tachniquaa  daacribad  in  Bafaranca 
5.  Tba  lap  and  ahouldar  balta  wara  nodalad  indapandantly , 
with  both  baits'  andpolnta  rigidly  anchorad  to  tha  vahicla. 
Tba  ahouldar  bait  was  attachad  to  tha  uppar ,  middla,  and 
lowar  torso  aagmanta .  and  tha  lap  bait  to  tha  lowar  torso  and 
uppar  lags  of  tba  dumay- atodal .  Sinca  tba  actual  saatbslts 
wara  fad  out  of  a  raal  instaad  of  baing  rigidly  attachad  to 
tha  vahicla,  tha  straas-atrain  functions  in  tha  simulations 
wara  adjxistad'  to  coiDipar.sat*  for  this  diffaranca. 

Initial  Balancing 

A  uniqua  problam  asaociatad  with  saating  tba  occupant  in  aacb 
of  tha  tasts  was  ancountarad.  Initially,  tha  cars  wara 
placed  upon  tha  rollover  device  at  approximately  a  40  dagraa 
angle.  However,  it  was  necessary  for  the  dummy  to  stay  in 
tha  standard  seated  position  uni'll  the  vahicla  started  its 
rolling  Bkotion.  Tba  dumay  was  kapt  from  falling  over  in  the 
actual  tests  by  tying  a  string  around  the  neck,  bringing  it 
through  the  passenger  side  window,  and  tying  it  to  tha  out¬ 
side  door  handle.  Tba  aasusq^tlon  was  that  whan  significant 

motion  of  tha  car  began,  tha  string  would  break  and  tha  dummy 
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would  b«  fr««  to  mov«  in  lt«  natural  faahion.  Achieving  tha 
aame  objactiv*  in  tba  simulationa  waa  mora  difficult. 

Several  mathoda  ware  attasoptad:  inaarting.  batwaan  the  -upper 
torao  and  tha  vehicle,  an  initially  locked  a' iding  Joint  that 
vrauld  unlock  at  a  apecifiad  force  level;  applying  a  tiaa- 
dapandent  force  to  tha  neck  and  relaaaing  it  at  tha  tiioa  tha 
atring  broke;  connecting  tha  neck  to  tha  door  with  a  harneaa 
bait;  and  adding  atxall  contact  aurfacaa  that  hold  tha  duBtsy 
in  place  imtil  tha  duany  aovaa  aufficiantly  to  alip  by  them. 
The  laat  method,  uaing  tha  amall  contact  planaa,  waa  choaan 
for  Bloat  of  tha  aimulationa.  However,  problasiB  in  tha  Omni 
teat  proiqitad  a  different  approach  for  ita  aimulation.  Care¬ 
ful  examination  of  tha  film  revealed  that  tha  atring  holding 
the  duABiy  in  place  actually  never  broke.-  ao  that  ita  preaance 
significantly  affected  the  duaay’e  Bx>tlon.  Therefore,  it  waa 
necaaeary  to  simulate  the  atring  throughout  the  aiaiulation, 
even  though  this  waa  not  intended  and  did  not  represent  a 
real-world  condition.  Tha  method  uaed  to  represent  the 
string  waa  a  barneas  aystem  consisting  of  one  belt  connecting 
the  neck  to  the  vehicle  door.  Although  this  did  not  pre¬ 
cisely  duplicate  the  string's  effect,  it  sufficed.  The  har¬ 
neaa  belt  did  introduce  an  unexplained  ringing  effect  that  la 
evident  in  the  acceleration  plots  in  the  Appendix. 

Vehicle  Defornwtion 

One  aspect  of  the  rollover  motion  is  the  possibility  of 
vehicle  deformation  that  results  in  structural  intrusion  into 
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tb«  pMsangsr  oon^artBwnt.  Th«  i»o«t  aoHDon  incld«nc«  of  this 
is  roof  crush.  In  «  numbsr  of  cssss ,  ss  ths  osr  rollsd  onto 
its  roof,  ths  fores  of  tbs  contact  with  tbs  ground  esussd  tbs 
roof  to  csvs  in  and  ssvsrsly  ebangsd  tbs  sbaps  of  tbs  in- 
tsrior  structurs.  This  intrusion  oftsn  influsnosd  the  occu¬ 
pant  tBotion  and  it  would  bavs  bssn  dssirabis  to  duplicats 
this  situation  In  tbs  simulations.  Although  it  is  possibls 
to  simulats  this  sffset  with  tbs  ATB  modal,  it  was  not  psr- 
formsd  in  this  study.  Bsoauss  roof  crush  was  not  anticipatsd 
prior  to  tasting,  approprlats  msasursmsnts  to  aacuratsi.y 
dsscribs  ths  motion  of  ths  roof  wars  not  mads.  Tbs  tsst 
films  could  bs  analyzed  to  rsconstruct  an  sstimats  of  roof 
motion,  but  this  msthod  would  rsquirs  significant  additional 
sffort  to  collect  the  data  and  omnipulate  it  for  input  to  the 
ATB  modal.  Thsrsfors,  the  simulations  were  run  only  until 
tbs  tims  that  roof  crush  affected  tbs  occupant  motion. 

OCCUPAMT  BBSULTS 

VIEW  Qrapbics 

For  each  of  tbs  six  tssts,  tbs  dummy  motion  was  recorded  by 
two  motion  picture  cameras  mounted  inside  ths  oar.  Tbs  rear 
camera,  located  in  ths  back  seat,  viewed  mainly  the  bead, 
shoulder,  and  arm  motion.  Tbs  front  camera  was  mounted  on 
ths  ^ront  edge  of  ths  front  seat  on  the  side  opposite  tbs 
dummy.  It  was  positioned  to  view  tbs  majority  of  the  dummy 

motion.  In  general,  ths  front  camera  view  was  the  preferred 
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on*  *ino*  It  *bo««d  mor*  of  th*  dummy’s  motion.  How«v«r ,  In 
aoa*  c«s*a ,  during  th*  cours*  of  th*  rollov*r  motion,  th* 
dummy  mov«d  so  as  to  obscur*  th*  front  cam*ra  l*ns’  vi*w. 

For  tb*s*  tasts ,  ths  rsar  vi*«*  was  \is*d.  Th*  locations  o-f 
th*  chosen  cameras  were  used  as  input  in  th*  VIEW  graphics 
program  to  produc*  th*  corr*sponding  pictur*s  of  the  simu¬ 
lated  motion  for  comparison  to  the  filmed  motion. 

In  the  Celebrity  test,  th*  vehicle  was  traveling  at  an  ini¬ 
tial  speed  of  23  mph  and  was  yawed  at  45  degrees.  The  dxnnmy 
was  initially  seated  in  the  driver's  seat  and  was  unres¬ 
trained.  Figure  5  shows  the  rear  camera  view  comparison  of 
th*  simulated  and  experimental  results  in  300  msec  intervals. 
For  th*  first  900  msec,  there  is  no  noticeable  movement  as 
th*  car  is  being  carried  down  th*  track.  By  1200  msec,  th* 
vehicle  is  released  from  th*  rollover  device  and  is  falling 
off  the  cart,  and  the  dximmy  is  rising  out  of  the  seat  and 
moving  toward  the  driver’s  side  door.  The  most  violent 
motion  occurs  at  approximatoly  1500  msec  when  th*  car  impacts 
th*  ground.  The  dummy  is  thrown  against  th*  roof  and  th* 
driver's  side  door  and.  as  th*  vehicle  continues  its  rolling 
motion,  th*  dummy  bounces  back  into  the  seat  and  then  over 
into  th*  passenger  side  of  th*  car.  Finally,  as  the  vehicle 
stops  rolling  and  settles  back  on  its  v^eels,  th*  dummy  falls 
over  onto  th*  bench  seat  with  only  its  right  shoulder  visible 
from  the  rear  vl  . 
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Figure  5  -  Test  No.  4,  Celebrity 
Test  Film  and  Simulated  Occupant  Motion 
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Tb«  «imul*t«d- Botlon  ia«toh««  vary  «f«ll  with  tha  actual 
Bwtion.  Tha  only  major  diacrapancy  occurs  n^an  tha  dxiinmy' 
bouncas  off  tha  left  sida  door.  The  simulation  raacts  .mora 
slowly  than  does  tha  axparimantal  duraay ,  indicating  that  tha 
forca-daf laction  functions  for  thosa  contacts  may  not  be 
stiff  anough.  Another  contributing  factor  to  this  diffarance 
could  bo  a  result  of  tha  vehicle  motion  reconstruction  pro¬ 
cess  itself.  Tha  procedure  used  for  reproducing  the  vehicle 
motion  has  tha  inherent  effect  of  filtering  out  acceleration 
'peaks  which  siay  lead  to  small  phase  shifts  in  tha  occupant 
aoticn.  In  spite  of  this  inconsistency,  the  simulation  is 
v«ry  gwod.  At  the  1500  tasec  mark,  both  the  simulation '  gra¬ 
phics  ar^i  the  actual  rollover  test  photographs  show  the  head 
hitting  tne  roof,  the  left  shoulder  and  upper  torso* ii^aeting 
‘^tha- window,  and  the  middle  and '  lower  "torso  'sagBoants  ’ii^a'cting 
"the'door.  As  the  dxjB»y  rebounds  into  tha  passa'ngar  side  of 
the  car the  body  turns  to  face  the  left  A-pillar,"  first  in 
tha  axparimantal  test  and  than  in  tha  simulation.  Tha  last 
one  and  one-half  seconds  of  tha  test  are  vary  wall  matched, 
as  demonstrated  in  Figure  5. 

Transducer  Tisia  Histories 

Triaxial  accalarometars  mounted  in  tha  head  and  upper  torso 
and  load  calls  mounted  in  tha  neck  of  the  dumsty  measured  the 
accelerations,  forces,  and  torques,  respectively,  produced  in 
these  segments  during  tha  rollover  tests.  Corresponding 
quantities  from  the  simulations  were  calculated  by  the  ATB 
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nod«l  *nd  «r«  plotted  with  the  •xp^rimantwl  datA.  Flguraa  0 
and  7  show  thaaa  plots  for  tha  Calsbrlty  tast. 

'  ■■ 

Tbasa  couparisons  claarly  indlcata  that  tha  siaulation 
procass  was  not  abla  to  accurataly  pradict  tha  intarnal  duaany 
forcas  or  accalarations .  Tha  bast  that  oan  ba  said  is  that 
tha  ma^nltudas  of  tha  pradictad  rasponsas  ara  at  laast 
similar  to  tha  obsarvad  rasponsa  magnitudes.  Probab...y  tha 
two  main  raasons  for  tha  poor  agraamant  ara  that  simulatad 
and  obsarvad  body  with  vahicla  contacts  do  not  occur  at  tha 
sama  tiSM  and  tha  contact  forca-daf laction  charactaristics 
usad  in  tha  simulation  do  not  pracisaly  raprasant  tha  body 
sagmant  and  vahicla  contact  sxirfaca  ooa^plianea  properties. 

Tha  first  problem  is  duu  to  slight  diffaranoas  in  pradictad 
and  obsarvad  motion  idiich  result  in  the  body  contacting  tha 
interior  swurfacas  at  elightly  diffarant  timas.  Tha  spaoifl~ 
cation  of  an  improper  f orca-daf laotion  charactaristle  will 
not  generally  modify  gross  body  motion  substantial ly ,  but  it 
will  change  tha  profile  of  the  contact  force  and  tha  resul¬ 
ting  local  acceleration.  Oanarally,  a  more  compliant  forca- 
daflactlon  characteristic  will  rssult  in  a  lOwar  peak  contact 
force  of  longer  duration.  A  stiffar  characteristic  will 
produce  a  higher  peak  and  shorter  duration  contact  force. 

Tha  obsarvad  gross  motion  may  not,  howavar,  ba  perceptibly 
diffarant . 
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Tb«  pMTpoMm  of  this  pro^rsa  «tks  to  pofin*  and  fxirthsr  vall- 
d»t«  th«  mothodolo^y  for  using  ths  ATB  modsl  to  simulats 
occupant  Motion  during  rollovsr  crashss .  Fiva  rollovsr  tasts 
wara  auccassfully  simulatad.  danonstrating  tha  capability  of 
tha  Bodal  to  slaulata  complax  rollovar  crashas  for  bait 
rastrainad  and  unrastrainad  occupants,  and  its  value  as  a 
tool  in  studying  occupant  action  during  rollovar. 

It  was  found  that  tha  tasting  configuration  created  soma 
problems  in  accurately  simulating  tha  occupant  motion.  In 
particular,  tha  method  of  maintaining  tha  dummy  in  an  upright 
position  until  tha  vahicla  released  was  inconsistent, 
making  it  difficult  to  know  bow  the  string  affected  tha 
initial  dummy  motion.  Soma  of  the  dlffarar.cas  between  the 
initial  teat  and  simulatad  motion  are  most  likely  due  to  this 
problem  sinoa,  if  tha  initial  motion  is  not  wall  defined, 
subsequent  motion  is  modified.  It  is  racommandad  that  in 
future  tasts  a  more  reliable  method  be  used  for  Initially 
restraining  tha  dummy. 

An  accvirata  prescription  of  tha  vehicle  motion  was  also  found 
to  be  vary  important  for  acourata  predictions  of  tha  dummy's 
motion.  Although  tha  reconstruction  process  was  rafinad  for 
this  study,  it  is  still  a  tedious  task  to  dlgitlza  locations 
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and  orlantationc  fraa«  by  fraao*.  Thia  process  caji  b«  im¬ 
proved  by  the  tise  of  graphics  vrorkstations  with  image  over¬ 
laying  that  are  currently  available.  -  - 

An  option  added  to  the  ATB  model  allowing  the  prescription  of 
the  motion  of  the  roof  with  respect  to  the  vehicle  would 
allow  the  nodel  to  simulate  rollover  tests  with  structural 
intrusions.  A  method  of  determining  the  roof  motion  from  the 
test  films  would  also  have  to  be  developed,  but  this  capabi¬ 
lity  wculd  expand  the  applicability  of  the  model  to  many 
crash  situations  ediere  intrusions  to  the  vehicle  Interior 
affect  the  occupant. 

The  simulated  dvuomy  kinematics  of  each  of  the  tests  agreed 
well  with  the  observed  test  kinematics  considering  the  com¬ 
plexity  of  the  rollover  motion  and  the  length  of  the  simula¬ 
tions.  Most  of  the  inconsistencies  can  be  attributed  tc  the 
vehicle  motion  reconstruction  process.  In  general  the  ATB 

-v  -"* 

model  was  able  to  effectively  simulate  the  dummy  motion  in 
the  tests.  The  success  of  these  simulations  and  the  earlier 
guardrail  impact  rollover  simulation  demonstrate  the  capa¬ 
bility  to  predict  occupant  dynamics  during  rollover  crashes. 
These  studies  show  that  the  methodology  of  using  the  aTB 
model  to  predict  occupant  siction  has  developed  into  a  useful 
tool  for  rollover  research,  especially  in  investigating  the 
effectiveness  of  restraint  system  and  vehicle  padding  modifi¬ 
cations  in  preventing  ejection  and  mitigating  injury. 
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Th«  input  data  aats  for  aach  of  tho  aix  ATB  occupant  siisula- 
tiona  ara  voluminoua.  Tbarafora  thay  bava  not  baan  includad 
in  this  raport.  Much  of  tha  input  is  tba  saata  as  that  prin- 
tad  in  Rafaranca  5.  Tba  spaclfie  simulation  input  data  for 
thasa  simulations  is  availabla  from  tha  authors  at: 

Armstrong  Aarospaca  Madical  Rasaarch  Laboratory 
Modeling  and  Analysis  Branch  (AAMRL/BBM) 
Wright-Pattarson  APB  OB  45433>0573. 

(513)  255-3efl5 
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APPEHDIX 


TEST  NO.  2  -  PLYMOUTH  RELIANT 

In  this  test,  the  vehicle  is  initially  yaswed  42  degrees, 
rolled  41  degrees,  and  has  an  initial  velocity  of  21  mph . 
After  release,  the  car  rolls  one  and  one-half  times,  and 
stops  on  its  roof.  The  Part  572  occupant  dummy  is  seated  in 
the  driver’s  seat  and  is  restrained  with  a  3-point  belt. 
Figure  8  contains  the  vehicle  positions  from  the  film  and 
reconstructed  motion  at  600  msec,  intervals.  In  Figure  9, 
the  plots  of  the  vehicle  accelerometer  and  rate  gyro  data  are 
shown.  Both  figures  indicate  that  the  reconstructed  vehicle 
motion  compares  quite  well  with  the  actual  vehicle  motion. 

The  film  and  simulated  occupant  motion  is  shown  in  Figure  10. 
It  is  clear  that  the  simulation  matches  very  well  with  the 
actual  motion.  The  torso  motion  is  especially  good,  except 
that  the  simulated  dummy  tends  to  move  with  greater  lateral 
displacements  than  does  the  test  dummy.  This  can  be  attri¬ 
buted  to  differences  in  the  stress-strain  characteristics  of 
the  seatbelt.  Figure  11  shows  the  head  and  chest  accel¬ 
erometer  data  from  this  test.  As  with  the  Celebrity  data,  it 
is  very  difficult  to  derive  much  meaningful  information  from 
these  plots,  except  to  show  that  the  magnitudes  are  of  the 
same  order . 
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Figure  8  -  Test  No.  1,  Reliant 
Test  Film  and  Reconstruct '.d  Vehicle  Motion 
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Figure  10  -  continued 


TEST  KO.  3  -  HOKDA  ACCORD  , 

This  test  uses  a  1984  Honda  Accord  which  is  initially  yawd 

c"*  •  ~ 

44  degrees,  rolled  36  degrees,  and  given  an  initial  velocity 
of  21  mph.  The  vehicle  rolls  one-half  revolution  upon  re¬ 
lease  and  ends  up  on  its  roof.  An  unrestrained  Part  572  - 
dioBuny  is  placed  in  the  driver's  seat.  The  filoc,  and  recon¬ 
structed  vehicle  motion  is  shown  in  Figure  12  and  plots  of 
the  vehicle  accelerometer  and  rate  gyro  data  comparisons  are 
shown  in  Figure  13.  The  agreement  is  good,  but  the  X-axis 
angular  velocity  plot  shows  that  either  the  rate  gyro  or  its 
data  line  was  not  working  correctly.  A  comparison  of  the 
film  and  simulated  occupant  motion  is  in  Figure  14.  This^ 
occupant  simulation  agrees  quite  well  with  the  actual  duxuay 

.  V*  ^  i  •  •  • 

motion,  as  they  both  impact  the  driver’s  door  and  .then ,  as... 
the  car  rolls  onto  its  roof,  come  out  of  the  seats,  rotate, 
and  fall  against  their  backs  onto  the  ceiling.  The  Simula- 
tion  is  stopped  at  2400  msec  because  the  vehicle’s  roof 
crushed  at  this  time.  Figure  15  shows  the  plots  of  the  head 
and  chest  accelerometer  data  from  both  the  experiment  and  the 
simulation.  As  with  the  previous  tests,  it  is  difficult  to 
make  any  concrete  conclusions  from  the  accelerometer  data. 
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Figure  12  -  Test  No.  3,  Accord 
Test  Film  and  Reconstructed  Vehicle  Motion 
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Fltur*  13  -  T«at  Vo.  3.  Accord 
Voblclo  Tri-axi«l  AccoloroMtor  ond  Angular  B«t«  Oyro  D*t* 
Froa  Toat  and  Soconatructvd  Motion 
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TEST  KO.  5  -  DODGE  OMNI 


The  vehicle  used  in  this  test  is  a  1978  Dodge  Omni,  which  has 
an  initial  orientation  of  45  degrees  yaw  and  39  degrees  rol 1  . 
It  is  given  a  velocity  of  23  mph  and,  when  released,  rolls 
one-balf  revolution,  stopping  on  its  roof.  For  this  test,  an 
unrestrained  Hybrid  III  dummy  is  placed  in  the  front  passen¬ 
ger  seat.  The  film  and  reconstructed  vehicle  motion  is 
presented  in  Figure  16  and  the  vehicle  accelerometer  and  rate 
gyro  data  is  shown  in  Figure  17.  These  figures  illustrate 
that  the  reconstructed  vehicle  motion  matches  quite  well  with 
the  actual  car  motion.  The  film  and  simulated  occupant 
motion  is  shoten  in  Figure  18.  The  occupant  simulation  is 
stopped  at  1200  msec.  During  the  test,  the  vehicle  roof 
collapsed  and  impacted  with  the  dummy  after  1200  msec.  Up 
until  this  time,  the  agreement  is  fairly  good,  with  both 
dummies  leaning  toward  the  right  side  at  600  msec  and  then 
sliding  up  and  off  the  seat.  This  motion  is  due,  as  discus¬ 
sed  previously,  to  the  force  of  the  string  that  joins  the 
dummy  to  the  car  door.  The  head  and  chest  accelerometer  data 
is  shown  in  Figure  19,  and  the  neck  load  cell  data  is  shown 
in  Figure  20.  These  plots  illustrate  the  effect  of  including 
the  'string*  in  the  simulation,  as  discussed  in  the  section 
on  the  initial  balancing  of  the  dummies. 
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Figure  16  -  Test  No.  5,  Omni 
Test  Film  and  Reconstucted  Vehicle  Motion 
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Flgur*  17  -  T««t  lo.  9,  Oanl 
!•  Trl-»xlal  AccaliroMtar  and  Angular  Bata  Gyro  Data 
From  Tart  and  Baconatructad  Motion 
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TEST  NO.  0  -  MERCURY  ZEPHYR  r 

Tka  sixth  test  uses  &  1982  Mercury  Zephyr  in  which  a  Hybrid 
III  dunuoy  is  seated  unrestrained  in  the  front,  passenger '  seat . 
The. vehicle,  initially  oriented  at  60  degrees  yaw. and  35 
degrees  roll  and  with  an  initial  velocity  of  23  mph ,  rolls 
one-half  revolution  and  lands  on  its  roof.  Figure  21  con¬ 
tains  the  film  and  reconstructed  vehicle  motion,  while  Figure 
22.  presents  the  vehicle  accelerometer  and  rate  gyro  data.-  As 
with  the  previous  tests,  there  is  no  visible  difference  in 
the  vehicles’  motions  and  the  data  plots  agree  reasonably 
well.  The  only  significant  difference  is  in  the  yaw  rate  . 
gyro  data.  This  discrepancy  may  help  explain  the  difference 

bejbween  the  film  and  simulation  occupant  motion,  which 

'b-Cl'  i 

shown  in  Figure  23.  For  the  first  900  msec,  the  vehicle,  .iS 
simply  being  towed  along  the  .  track  and  so  the  .duramies  have  ^ 

>r  ■  •  ' 

little  motion.  Starting  at  1200  msec,  a  major  di f f erence 
becomes  apparent.  The  simulated  dummy  slides  along  the  bench 
seat  to  the  driver’s  side  with  little  angular  motion,  while 
in  the  actual  test,  the  dummy  topples  over  onto  its  left 
side.  They  both  subsequently  fall  onto  the  vehicle’s  roof  as 
the  car  becomes  inverted.  There  is  one  major  problem  with 
this  particular  test  which  probably  accounts  for  this  dis¬ 
agreement.  Because  of  a  malfunction  in  a  triggering  system, 
the  films  of  the  actual  vehicle  motion,  which  are  used  to 
define  the  reconstructed  vehicle  motion,  have  no  marks  to 
indicate  time  zero.  Therefore,  it  is  not  possible  to  pre¬ 
cisely  synchronize  the  linear  and  angular  displacements  as 
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Figure  21  -  Test  No.  6,  Zephyr 
lest  Film  and  Reconstructed  Vehicle  Motion 
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Fifur*  22  -  T«at  Vo.  0.  Zophyr 
?«hicl«  Tri-Ml«l  IccoloroMtar  and  Angular  Rato  Oyro  Oat* 
Froa  Toot  and  Roconotructod  Motion 


Figure  23  -  Test  No.  6,  Zephyr 
Test  FUts  snd  Siioulated  Occupant  Motion 
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seen  from  th«  various  viswing  anglss  and.  conasquantly,  tha 
reconstructed  vehicle  moticn  is  probably  incorrect.  Figure 
24  shows  the  dummy  head  and  chest  acceleration  plots,  and 
Figure  25  shows  the  neck  load  cell  forces  and  torques. 
Again,  they  do  not  reveal  much  useful  information. 
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Fl(ur*  35  -  T*at  Vo.  0.  Zopbyr 
Hock  Lo«d  Coll  Colo  Froa  Toot  ond  4TB  Occupant  Slaoilotlnn 
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